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Abstract 
Natural convection in a triangular cavity is present in many domestic and industrial systems. Increasing investigators have been 
devoted to the study of natural convection and heat transfer in the triangular cavity due to its application in the attic design. In 
this study, the three dimensional (3D) numerical simulation of natural convection in the triangular cavity with the top cooling and 
the bottom heating has been carried out. The onset and development of natural convection flows in the cavity are investigated for 
various Rayleigh numbers and aspect ratios. The results show that the 3D structures of convection rolls in the cavity such as 
transversal rolls and longitudinal rolls, similar to the Rayleigh-Bénard-Poiseuille flow, are clear. The scenario of the roll 
formation is described. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Thermal convection is an important mechanism of mass and heat transfer in nature and technology. Numerous 
applications are found in geophysics and astrophysics, meteorology and many practical systems. The convective 
mass and heat transfer is determined in a large number of the practical applications by the buoyancy force, diffusion 
and chemical reactions. The classic Rayleigh-Bénard problem of horizontal fluid layers heated from below offers the 
first approach to highly complex convective flow processes [1]. The convection in the triangular cavity is an 
important extension of the Rayleigh-Bénard problem. It permits the study of the combined action of shear flows near 
the inclined walls and thermal instabilities. This is also of practical and fundamental significance for the 
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understanding of convective processes, including those in the earth’s atmosphere and oceans. Convection in 
triangular cavities gains particular technical importance for the thermal design of building attics.  
Accordingly there have been many articles published about this topic. Previous studies have considered mainly 
two types of thermal forcing conditions: day time heating (heating the top and cooling the bottom) and night time 
cooling (cooling the top and heating the bottom). The flow in an attic space under day time conditions remains 
laminar for Rayleigh numbers up to 4.9u107 [2,3], and the heat transfer through the enclosure is dominated by 
conduction [3]. For the night time condition the flow is potentially unstable, which is also the focus of this paper. 
The pioneering experiment of natural convection in an attic space was performed by Flack [2]. It has been 
demonstrated that natural convection flows in the transition from laminar to turbulent flows may occur for a large 
Rayleigh number in the night-time condition [4,5]. Additionally, the dependence of the Nusselt number on the 
Rayleigh number and the aspect ratio has been quantified [6-8]. Poulikakos and Bejan [9] experimentally 
investigated the night-time attic problem for high Rayleigh numbers and their results are consistent with the 
measurements of Flack [2,4-5]. Numerical studies usually assumed that natural convection flows in an attic space 
were symmetrical about the vertical mid-plane. However, as the Rayleigh number increases, the natural convection 
flow in an isosceles triangular domain undergoes a transition from symmetric to asymmetric structures in the night 
time condition [10,11]. In fact, this asymmetrical flow is one of two possible mirror image asymmetric solutions due 
to the occurrence of a supercritical pitchfork bifurcation for the Rayleigh number above a critical value (see [10] for 
details). Furthermore, some fundamental scales of transient natural convection flows for the night-time attic problem 
have been obtained based on a scaling analysis [12]. 
The literature review shows that few researches concerned with 3D numerical simulation except [13]. The 
objective of the present study is to fill this gap by performing 3D numerical simulations of the flow in a triangular 
cavity. In this paper, the numerical methodology, the results and discussion are presented. 
 
Nomenclature 
A aspect ratio of the height to the half length of the triangular enclosure  
g  acceleration due to gravity 
H, L, W height, half length and width of the cavity 
p dimensionless pressure 
Ra Rayleigh number 
T dimensionless temperature 
T0 initial temperature  
Tc, Th temperatures of the cold inclined wall and the hot bottom 
u, v, w dimensionless x-, y- and z-velocity 
x, y, z dimensionless coordinate 
E coefficient of thermal expansion 
'T temperature difference between the inclined wall and the bottom 
N thermal diffusivity 
Q kinematic viscosity 
U density 
2. Numerical procedure 
The models in this study are three dimensional isosceles triangular cavities. Fig. 1 shows  a schematic of the 
computational domain of height (H), which is one fifth of length (L = 5H) and half of width (W = 2H). The tiny tips 
of about 4%L were cut for avoiding the singularities at the intersection regions between the roof and the bottom. It is 
expected that this slight modification of the flow domain does not have a significant impact on the calculated flow 
and heat transfer [3]. The fluid in the cavity is initially motionless and isothermal with a uniform temperature of T0 = 
0. At t = 0, the two inclined walls and the bottom are subjected to instantaneous cooling and heating at the fixed 
temperatures of Tc = -0.5 and Th = 0.5, respectively. The two sidewalls are assumed to be adiabatic walls. 
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The 3D governing equations were normalized using the following scales: x, y, z a H; t a H2/(NRa1/2); (T̢T0) a 
(Th̢Tc); u, v, w a NRa1/2/H; and U-1wp/wx, U-1wp/wy, U-1wp/wz a N2Ra/H3. The development of natural convection in 
the cavity is described by the 3D non-dimensional governing equations with the Boussinesq approximation [14]: 
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Natural convection flows in the enclosure are determined by three governing parameters: the Rayleigh number 
(Ra), the Prandtl number (Pr) and the aspect ratio (A) [3]. They are defined as follows, 
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The governing equations were solved using a finite volume method with the SIMPLE scheme [3]. The grid 
dependence test was carried out using three grid systems: 75u50u34, 100u66u45 and 125u83u56. Since the purpose 
of the present study is to describe the major characteristic of the flow rather than resolve details of the flow in the 
triangular cavity, the mesh of 100u66u45 was adopted. 
3. Numerical results 
The convection flow in the triangular cavity is always three dimensional due to the no-slip condition at the 
vertical walls. The influence of the three dimensional characteristics strongly depends on the geometry of the 
enclosures. Considering enclosures with comparable horizontal and vertical dimensions, the influence of the 
sidewalls must be taken into account [1]. The solutions obtained from two or three dimensional models show 
differences especially in the regime of time-dependent flows [1,14]. In order to show the relationship between the 
spatial structure and the dynamical behavior of the flow, the three dimensional characters in the steady or quasi-
steady flow are discussed. 
 
Fig. 1. Schematic of the triangular cavity.  
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At low Rayleigh numbers, there exist two steady cellular structures, which are symmetric with respect to the 
geometric mid plane. The flow rises near the center of the enclosure wall and falls along each cold inclined top wall 
creating mirror image structures. This is the basic flow, which must be considered as a three dimensional flow in the 
closed enclosures, and the heat transfer is dominated by heat conduction [1]. Above the critical Rayleigh number, 
the basic state turns unstable. The transverse roll with their axes perpendicular to the basic flow superimposed on the 
basic flow. Fig. 2 shows the temperature structures at the Rayleigh number of 104 for the low aspect ratio triangular 
cavity. The temperature iso-surfaces in the enclosure and the streamlines in the cross section z = 1 show the 
transverse rolls near the center of the enclosure.  
 
Fig. 2.Temperature structures at Ra = 104 for A = 0.1. (a) Temperature iso-surfaces. (b) Isothermals from T = -0.5 to T = 0.5 with the interval of 
0.1 and the streamlines in the plane of z = 1. 
 
Fig. 3. Streamlines of steady convection at Ra=104 for A=0.1. (a) and (b) with different orientations. 
The three dimensional characteristic of the flow field can be gained from the streamlines in Fig. 3. The 
streamline starts near the axis of the convection roll and circulates helically toward the walls. After its radius 
increases, the streamline circulates back. Near the vertical side wall, the streamline changes to the adjoining roll to 
start a similar motion.  
At the larger aspect ratio of the triangular cavity, the basic flow forces the transverse rolls rotating in its own 
direction, but has the shear effect on those that rotate in the opposite one. With increasing Rayleigh numbers and 
aspect ratios of the triangular cavity, the increasing shear effect of the basic flow forces the transverse rolls decrease, 
especially in the middle of the enclosure.  Fig. 4 shows the temperature structures in the triangular cavity with the 
aspect ratio of 0.5. The number of transverse roll is less than that in Fig. 2. At the same time, longitudinal rolls begin 
to develop along the basic flow. Similar to the other flow configurations, e.g. Rayleigh-Bénard-Poiseuille flow, the 
shear flow converts from transverse rolls to longitudinal rolls. Fig. 4c shows the streamline in the x-coordinate cross 
section, the longitudinal rolls are clear and the flow structure is highly three dimensional.  
 
Fig. 4. Temperature structures at Ra = 105 for A=0.5. (a) Temperature iso-surfaces. (b) and (c)  Isothermals from T = -0.5 to T = 0.5 with the 
interval of 0.1 and the streamlines in the planes of z = 1, and x = 1.178. 
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The further examination of the numerical results shows that the critical Rayleigh number increases with the 
increasing aspect ratio. As the basic flows become strong, the convection rolls will lose significance in some extent, 
for example the case of Ra = 106 and A = 1.5. Above the critical aspect ratio of Ac, the convection rolls is not 
detected clearly. The convective heat transfer is dominated almost by the very strong basic flow.   
5. Conclusions 
Three-dimensional numerical simulations were performed for natural convection in a triangular cavity with the 
night time boundary condition at different Rayleigh numbers from 103 to 106 and aspect ratios from 0.1 to 1.5. The 
three dimensional flow structures of natural convection in the cavity are described. It has been demonstrated that the 
basic flow is achievable at relatively low Rayleigh numbers. As the Rayleigh number increases, the transverse roll 
appears and also the three dimensional structure develops near the vertical adiabatic wall. At higher Rayleigh 
numbers, the longitudinal roll develops along the basic flow. Both the aspect ratio of the cavity and the Rayleigh 
number may influence on the formation of the longitudinal rolls. 
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